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For the first time, carbon nanohorns were implemented into solid-state and quasi-solidstate electrolytes for highly efficient DSSCs yielding efficiencies of up to 7.84% at room temperature. 1 Typically, in n-type DSSCs, one or several dyes are anchored to a mesoporous semiconducting electrode, for example, TiO2 or ZnO. Upon light excitation of the dye, the latter injects electrons into the conduction band of the semiconductor electrode followed by the reduction of the oxidized dyes by the electrolyte. Under such conditions, the injected electrons perform work through an external load before they reduce the electrolyte at the platinum counter-electrode. 2, 3 Several decades of continuous optimizations resulted in state-of-the-art efficiencies in the range from 10 to 13%. 4, 5 Under operation, the electrolyte plays a key role in terms of fully functioning DSSCs. To this date, the I -/I3 -redox couple is the most commonly used redox pair. Nevertheless, it suffers severe limitations including inherent corrosive nature, distinct absorption features in the visible region, and a prominent charge recombination arising from I3 -ion pair formation at the electrode surface. 6 Furthermore, its use in the form of liquid-based electrolytes impacts the long-term stability owing to solvent evaporation and I3
-induced corrosion at electrode contacts. All of the aforementioned has fueled research on iodine-free and solid-state dye-sensitized solar cells (ssDSSCs). 7 Notably, despite all efforts, ssDSSCs feature efficiencies of around 8%, 8 which are much inferior compared to liquid-based electrolytes. In light of the aforementioned, novel concepts for efficient iodine-free and solid-state electrolytes are currently among the major challenges in the field of ssDSSC. To the best of our knowledge, there are several approaches to replace liquid-based electrolytes without compromising the solar cell performance. Firstly, the design of novel photoanodes to enhance the penetration of the electrolyte into the pores is considered. 9 As a very recent example, Ahn et al. reported a novel honeycomb TiO2 nanostructure for ssDSSCs yielding an efficiency of 7.4%. 10 Secondly, iodine-free alternatives for ssDSSCs such as hole transport materials 11 and conductive polymers 12 are under investigation. Starting with the first report by Bach et al. in 1998, 13 continuous improvements led to efficiencies of around 6% in, for example, spiro-OMeTAD-based ssDSSCs. 11 Thirdly, the replacement of conventional dyes by perovskites in combination with spiro-OMeTAD has recently boosted the efficiencies to more than 15%.
14 Finally, the use of carbonaceous materials -carbon black, 15, 16 single-and multi-walled carbon nanotubes, 17, 18 and several graphene derivatives 19 -as additives to iodine-free and solid-state electrolytes is emerging. 7, 20 Among them, the benefits of implementing nanocarbons stand out given i) better ionic diffusion throughout the electrolyte, ii) catalytic activity towards the reduction of I3 -to I -, iii) dye regeneration to reach yields that are almost unity, and iv) reduction of the internal device resistance by quasi-zero distances between oxidized dyes and the counter-electrode. 16, 21 To this end, using multi-walled carbon nanotubes based electrolytes 6.86% efficiencies evolved after continuous optimization steps. 22 But, integrating nanocarbons into DSSCs by means of solution-based techniques is still the major bottleneck of this approach due to nanocarbon bundling in solution and poor nanocarbon solubility. In the current work, we present the implementation of carbon nanohorns (CNH) into solid-state electrolytes. CNHs are conical structures with diameters between 2 and 5 nm and a length from 30 to 50 nm. In solution, they tend to associate into roundish aggregates of around 100 nm ( Figure 1 and supporting information (SI) for further details). 23 Notably, the interest in CNHs has recently been intensified given their metal-free synthesis, semiconductor character, and relatively easy suspendibility in organic solvents. 24 CNHs have, however, never been tested inside DSSC electrolytes, despite recent reports on the benefits of CNH-based interlayers and CNH doping of TiO2-based photoanodes. 24, 25 In the present study, we have realized an iodine-free and highly-efficient ssDSSC based on a mixture of 1-ethyl-3-methylimidazolium iodide ([EMIM]I), several additives, and CNHs. After a series of optimization steps, our ssDSSCs feature 7.84% efficiency under room temperature conditions, which exceeds that seen in current state-of-the-art nanocarbon-based ssDSSCs. First, we elucidated the optimum [EMIM]I to CNH weight ratios for their application as solid-state electrolytes. In particular, different amounts of [EMIM]I were added to acetonitrile suspensions of CNHs (37 mg/mL) and the solvent was slowly evaporated at 80 °C under vigorous stirring conditions until a viscous binary mixture was leftfor more details see SI.
[EMIM]I to CNH weight ratios of 10:1, 5:1, and 1:1 wt% were realized. Higher CNH amounts could not be achieved due to immiscibility.
Electrolytes with 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) as crystal growth inhibitor and with 4-tert-butylpyridine (TBP) as well as guanidinium thiocyanate (GuSCN) as additives were also prepared by the same procedure -for more details see SI.
[BMIM][BF4] was added to enhance the electrode coverage, whereas TBP and GuSCN assisted in preventing the back-electron-transfer processes and improving the dye regeneration, respectively. Figure S6 ). From the latter we conclude that upon addition of CNHs to the electrolyte the ionic diffusivity increases. This is a crucial prerequisite for highly efficient dye regeneration under device operation conditions. To corroborate our findings, the aforementioned FTOPt/electrolyte/Pt-FTO cell configuration was investigated by means of electrochemical impedance spectroscopy (EIS). 27 This is meant to provide insights into the charge transfer resistance across the different interfaces. Figure S7 depicts the Nyquist plots and the equivalent electrical circuits. Two semicircles are discernable each at a well distinct frequencies. Firstly, a 1000 -10000 Hz semicircle in the Nyquist plot relates to the charge transfer resistance (RPt) and the corresponding Helmholtz capacitance (CPt) at the FTO-Pt/electrolyte interface. Secondly, the 0.1 -100 Hz semicircle correlates with the resistance of the Warburg diffusion of the I -/I3 -redox pair in the bulk electrolyte (Rdiff). With this data at hand, the effective diffusion coefficient (Ddiff) of the electrolyte can be calculated by using To prove the effects of the implementation of CNHs into the electrolyte on the device performance, we prepared TiO2-based ssDSSCs with cis-diisothiocyanato-bis(2,2ʼ-bipyridyl-4,4ʼ-dicarboxylato) ruthenium(II) bis(tetra-butylammonium) (N719) using electrolytes without CNHs (E1 and E3) and with CNHs (E2 and E4). Figure 2 depicts the current-voltage (J-V) curves, while Table 1 summarizes the device performance features of ssDSSCs. 
Figure 2. J-V curves of devices with E1 (red) and E2 (green) measured at 70 °C as well as devices with E3 (blue) and E4 (black) measured at room temperature.
At room temperature, the initial efficiencies () of ssDSSCs with E1 and that with different CNH-amounts were all around 0.01% caused by low fill factors (FF) and low short-circuit current densities (JSC) ( Figure S8 ). This fact is expected due to the solid-state nature of the electrolytes. Upon heating, the device performance starts to improve at temperatures close to the melting point of the electrolytes, plateauing at around 70 °C in good agreement with the DSC measurements. Here, the liquid phase enables, on one hand, a better electrode coverage and, on the other hand, a better ion diffusion throughout the electrolyte. Overall, higher FF and JSC evolve. Upon cooling to room temperature, the electrolytes remain in their liquid phase as seen in DSC measurements -vide supra -and impact the ssDSSC performance. Figure S9 attests that at temperatures above the melting point, the efficiency is still at its maximum regardless of the number of heating-cooling cycles. Even more striking is the fact that after the first cycle, the high temperature maximum efficiency remains even at room temperature and only slowly decreases as a function of time ( Figure S10 ). Figure 2 ). On the contrary, E1 ssDSSC show VOC of 0.47 V, JSC of 1.27 mA cm -2 , FF of 0.71, and  of 0.42%. Mainly responsible for the 5-fold improvement in efficiency is a higher JSC with CNHs in the electrolyte. Quite likely, the major bottleneck of the aforementioned electrolytes relates to their penetration into the mesoporous network. However, this aspect should not be applicable to E3 and E4 devices, in which the presence of additives such as [BMIM] [BF4] transforms them into ionic liquids at room temperature -vide supra. To provide a fair comparison between the performances, devices with E1 and E2 were measured at 70 °C, whereas those with E3 and E4 were measured at room temperature. As expected from our previous results with E1 and E2 ssDSSCs, E3 ssDSSCs featured VOC of 0.74 V, JSC of 1.17 mA cm -2 , FF 0.70, and  of 0.61%, whereas E4 ssDSSCs exhibited VOC of 0.76 V, JSC of 16.03 mA cm -2 , FF of 0.64, and  of 7.84% (Table 1  and Figure 2) . Notably, both devices feature comparable VOC and FF, only JSC increases by a factor of nearly 6. This is also valid when comparing devices with E1 and E2 - Table 1 . The increase in VOC of ssDSSCs with E3 and E4 compared with those with E1 and E2 is ascribed to the use of additives. 28 Decisively, the latter was confirmed in EIS measurements with E1, E2, E3, and E4 devices (Table 1 and Figure 3) . Two findings should be highlighted. Firstly, a direct comparison between E3 and E4 devices demonstrates the catalytic behavior of CNHs in terms of reducing I3
-, since RPt is lowered from 7.99 to 1.81 for E3 and E4, respectively (Table 1 and Figure 3 ). Due to the poor ionic diffusivity of E1, it was impossible to dissect RPt, since the interface between TiO2 and Pt is not distinguishable and, as a consequence, the frequencies in the Bode phase of both interfaces coalesce ( Figure  S11 ). Secondly, Rdiff drops from 1966.10 for E1 to 26.54  for E2 and similarly from 273.48  for E3 to 7.66  for E4. This prompts to an ion diffusivity, which increases upon CNH addition (Table 1) . Here, E1 exhibits a Ddiff of 0.10 x 10 -10 m 2 s -1 , while that of E2 increases to 7.61 x 10 -10 m 2 s -1 due to a lower charge transport resistance (Table 1) . Among all of the electrolytes, E4 features the highest diffusion coefficient of 26.38 x 10 -10 m 2 s -1 . It is safe to conclude at this point that the major impact of CNHs as an integrative part of the electrolytes is on the Warburg diffusion resistance and on the catalytic I3 -reduction. The net result of the aforementioned is an appreciably increased dye regeneration rate, which leads to higher short-circuit current densities, and, in turn, to enhanced . To demonstrate the lack of regeneration limits, E4 devices were measured at different illumination intensities ( Figure S12 ). Given the linear relationship between light intensity and the JSC, on one hand, and an ordinate intercept of nearly zero, on the other hand, we postulate that the electrolyte effectively regenerates the oxidized dye even under high illumination conditions. Finally, interactions between CNHs and the electrolyte were probed in time-dependent J-V and EIS measurements of DSSCs with E3 and E4 -Figures 4 and 5. As time progresses, ssDSSCs with E3 and E4 feature nearly similar VOC, but JSC decreases for ssDSSCs with E3 by nearly 75%. In contrast, JSC of devices with E4 show a loss of only 9%. This is likely to relate to the dye degradation via, for example, substitution of the SCN -groups by I -when reacting with either I3 -or polyiodide, which are formed in close proximity to the electrode surface. 29, 30 This impacts the overall dye regeneration. Negligible JSC decrease for E4 indicates, however, that CNHs support efficient electrolyte regeneration and, in turn, prevent dye degradation. Interesting is the gradual increase of the FF in ssDSSCs with E4, while for ssDSSCs with E3 the FF raises only during the first day while remaining constant afterwards - Figure 4 . We rule out, however, a better electrolyte coverage of the dye-sensitized mesoporous network, owing to improved penetration as the reason for the continuous increase of the FF of ssDSSCs with E4.
Figure 4. Time-dependent changes of the figures-of-merit for ssDSSCs with E3 (blue) and E4 (black).
To shed light onto this finding, we performed EIS analysis. Rdiff of ssDSSCs with E3 is not affected over time, while ssDSSCs with E4 exhibit a 71% decrease in Rdiff - Figure 5 . Similarly, RPt drops considerably after the first day, but remains from there on constant. A better contact between the electrolyte and the counter electrode is likely to be responsible for this trend. After five days a considerable RTiO2 increase sets in for devices with E3. The latter is attributed to the SCN -/ I -exchange of the dye and / or the I3 -induced corrosion of the TiO2 surface. 29 For devices with E4, RTiO2 remains constant. Here, sufficient electrolyte regeneration and considerably reduced exposure of I3 -to the electrode evoke long-term stability of DSSCs. Taking all of the aforementioned into account, it is not surprising that the efficiency of ssDSSCs with E3 drops to 37%, while that of E4 increases by 22% from its initial value after 10 days. This clearly highlights the superior performance of CNHs-based electrolytes in terms of efficiency and stability. Finally, it is important to point out that our findings this leaves the question unanswered on how CNHs improve the electrolyte features over time. To rationalize the time dependence we carried out Raman experiments of E4 extracted from different devices after 1, 2, 3, 4, and 10 days of operation - Figure S13 . Raman results, namely the ratio intensification between the D and G bands from 1.08 to 1.21 for 0 and 10 days of exposure of the CNHs to the electrolyte, respectively, infer a gradual increase of defects. In other words, the trends for Rdiff and D/G ratio go hand-in-hand - Figures 5 and S13 , from which conclude that the benefits upon adding CNHs correlate with the reaction between CNHs and I3 -/I -. Here, defect loaded CNHs facilitate the diffusivity of the electrolyte and / or even reduce the I3 -and polyiodide concentrations at the electrode/dye surface. Both effects are synergetic and lead to a gain in FF, which prompts to a suppression of electron recombinations with the electrolyte, 31 and stable JSC due to the lack of both dye and electrolyte degradation. Still an open question is if the use of CNHs is self-limiting in terms of degradation or if, on the contrary, defects act as catalytic centers to further enhance the electrolyte features as our time-dependent assays suggest. Relative change in R TiO2
Relative change in R diff 
Conclusions
In summary, we have successfully implemented for the first time CNHs into ssDSSC electrolytes. Thereby, ssDSSCs without CNHs exhibited rather poor performance of 0.42%, which was improved up to 2.09% upon the addition of CNHs. As such, CNHs inside solidstate electrolytes impressively enhance JSC, whereas VOC and FF remained almost unchanged. We were able to attribute the boost in JSC to a better ionic diffusivity in the electrolyte as well as to a more effective catalytic reduction of I3 -by CNHs. This enables effective dye regeneration due to a quasi-zero distance between oxidized dyes and the counter electrode. Optimized devices with [BMIM] [BF4], TBP, and GuSCN as additives feature efficiencies of 7.84% with CNHs and only 0.61% without CNHs. Striking is the long-term stability when CNHs are used, an affect that led to better diffusivity of the electrolyte and to an effective suppression of dye degradation.
Here, a reaction between CNHs and I3 -/I -not only in fresh devices but also as time progresses seems to evolve as a likely rationale. This notion is supported by the correlation between CNH defects and the increase in FF and stable JSC. Ongoing work focuses on transient absorption spectroscopy to pinpoint the individual steps in the regeneration processes under device operation conditions as well as to provide more insights into the reaction mechanism between the CNHs and the redox couple. Finally, it is important to point out that the application of an alternative iodide source, which exhibits a better initial performance, could lead to even higher efficiencies.
